Abstract-This paper proposes a novel and simple orthogonal faster than Nyquist (OFTN) data transmission and detection approach for a single input multiple output system. It is assumed that the signal having a bandwidth B is transmitted through a wireless channel with L multipath components. Under this assumption, this paper provides a novel and simple OFTN transmission and symbol-by-symbol detection approach that exploits the multiplexing gain obtained by the multipath characteristic of wideband wireless channels. It is shown that the proposed design can achieve a higher transmission rate than the existing one [i.e., orthogonal frequency division multiplexing (OFDM)]. Furthermore, the achievable rate gap between the proposed approach and that of the OFDM increases as the number of receiver antennas increases for a fixed value of L. This implies that the performance gain of the proposed approach can be very significant for a large-scale multi-antenna wireless system. The superiority of the proposed approach is shown theoretically and confirmed via numerical simulations. Specifically, we have found upper-bound average rates of 15 and 28 bps/Hz with the OFDM and proposed approaches, respectively, in a Rayleigh fading channel with 32 receive antennas and signal-to-noise ratio of 15.3 dB. The extension of the proposed approach for different system setups and associated research problems is also discussed.
as multimedia, 3D video games, e-Health, Car2X communications [1] , [2] . It is expected that the future 5G wireless network will deliver about 1000 times more capacity than that of the current 4G system. To meet this demand, different enabling techniques have been under development including massive multiple input multiple output (MIMO), millimeter wave and faster than Nyquist (FTN) transmission [3] [4] [5] [6] .
The first work on FTN transmission was proposed by Mazo in 1975 where it is claimed that it is possible to achieve a transmission rate beyond what can be achieved with the Nyquist criterion without requiring additional bandwidth [7] . In general, the symbol error probability plays a fundamental role in understanding a communication strategy which can be directly related to the minimum Euclidean distance d min between two distinct symbols. The key idea of [7] is that for the scenario with Nyquist symbol duration T N y and sinc pulse shaping filter, d min remains the same even when we pack a symbol in τ T N y with τ ∈ [0.802, 1]. This result implies that one can still maintain the same error probability as that of the Nyquist transmission by selecting τ ≈ 0.82 which in turn helps to improve the spectrum efficiency by 1 0.802 ≈ 25%. It is also shown that different pulse shaping filters result in different Mazo limits (i.e., minimum τ ). For instance, the minimum τ with a root raised cosine filter with excess bandwidth β = 0.3 yields a 42% increase in bandwidth efficiency (i.e., τ min = 0.703) [8] .
These results develop new perspectives about the achievable rate and have recently received increasing research interest (see for example [3] , [4] , [9] ). Having said this, however, there is one major difference between Nyquist and FTN transmissions. The data symbols transmitted with the Nyquist approach can be decoded independently on a symbol-by-symbol basis with appropriate matched filtering which consequently facilitates a low complexity receiver. However, as the FTN transmission does not enable orthogonal symbol-by-symbol detection, it requires more complicated symbol detections [3] , [4] , [10] . In this regard, low-complexity receiver algorithms are suggested by several researchers such as a successive interference cancellation approach in [11] (see also [12] , [13] and their references). A detailed survey of FTN transmission for different systems and its implementation aspects is found in [4] where it is stated that such a transmission approach can provide up to twice the spectrum efficiency compared to the existing Nyquist transmission (i.e., 2 times the rate achieved by the single input single output (SISO) system).
The FTN transmission can be realized both for singleantenna and multi-antenna systems [14] . It is shown that for the single input multiple output (SIMO) and MIMO channels, 1536 -1276 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the FTN transmission also improves the performance of the system [15] . In fact, the FTN allows the transmitter to send data symbols at a rate higher than the Nyquist transmission which can also be interpreted as a novel approach to exploit the additional degrees of freedom of the channel (i.e., "multiplexing gain"). This recalls us the two fundamental aspects of a wireless channel (i.e., diversity and multiplexing) which have been extensively studied in the existing MIMO communication literature [16] , [17] . The multi-antenna system can be designed as a SIMO, MIMO and MISO (multiple input single output).
In fact, when either the transmitter or receiver has a single antenna (i.e., MISO and SIMO), the communication system can achieve only a diversity (power) gain [16] [17] [18] . For MIMO systems, one can achieve both diversity and multiplexing gains under favorable channel conditions (i.e., it is possible to transmit and reliably detect on a symbolby-symbol basis more than one symbol per Nyquist period). On the other hand, it has been shown in [16] that there is a fundamental tradeoff between the diversity and multiplexing gains in a MIMO system (i.e., one can increase diversity (multiplexing) gain while decreasing multiplexing (diversity) gain). A detailed analysis of the MIMO system performance for different parameter setups and signal to interference plus noise ratio (SINR) levels for flat fading channels can be found in various wireless communication books (see Chapters 5-7 of [16] for extensive study).
The design of efficient transmission strategies for flat fading channels can be extended almost straightforwardly to the frequency selective channels. This is due to the fact that any signal transmitted through a frequency selective channel can be splitted into orthogonal chunks of signals (i.e., sub-carriers) each experiencing a flat fading channel by using the orthogonal frequency division multiplexing (OFDM) transmission approach. By employing the OFDM scheme, the achievable rate per Hertz of a SIMO system can be expressed as [16] 
where N s is the number of sub-carriers which increases with the transmission bandwidth B Hz for fixed sub-carrier spacing, S N R i E x (N) is the signal to noise ratio (SNR) achieved at sub-carrier i of the OFDM transmission approach, which is a function of the number of receive antennas N. The SNR achieved at each sub-carrier depends on different factors ranging from the number of antennas to the channel condition. In a multi-antenna system, R E x is usually quantified by assuming that the channel between any transmit receive pair experiences independent fading [16] . Also, the deployment of large antenna arrays at the base station (BS) has been prototyped and studied where recent measurement results [19] [20] [21] [22] [23] [24] suggest that despite the statistical difference between the measured channels and the independent and identically distributed (i.i.d) channels, most of the theoretical conclusions made under the independence assumption are still valid for the realistic massive MIMO channels. 1 Now when the channel between the transmitter and each receiver has P unit-variance independent multipath components, the existing OFDM transmission can have the following upper-bound average rate [17] 2
where σ 2 is the noise variance. As we can see from this expression, increasing the number of receiver antennas N enables to enhance the achievable rate (2) logarithmically only [17] , [26] .
A. Motivation and Objective
The FTN transmission can be realized for different systems such as massive MIMO, mmWave and full-duplex wireless systems. Thus, such a transmission strategy will undoubtedly improve the overall capacity of the future 5G network. However, the existing FTN transmission can improve the overall point-to-point achievable rate at most two times only. 3 For instance, if we consider a SIMO system, the capacity of FTN transmission will be at most 2R E x . Furthermore, the receiver may need to use a non-linear (joint) decoding approach which is often not desirable in practice. This motivates us to examine the following problem: Is it possible to employ a FTN transmission approach while ensuring that the point-to-point link achievable rate is improved more than 2 times with a simple symbol-by-symbol decoding approach. If yes, in what scenario and how can we enable the symbolby-symbol decoding?
In the current paper, we propose a novel FTN transmission and symbol-by-symbol detection approach for SIMO systems for wideband channels (i.e., frequency selective fading channels). The proposed transmission scheme exploits the inherent multipath characteristics of wideband channels. We show that when the channel has P independent multipath taps (i.e., a favorable propagation condition) which is commonly adopted in different MIMO channels [16] , [17] and the receiver has multiple antennas N ≥ P, one can achieve the following upper-bound rate 4 
R Pr
For fixed P and σ 2 , one can notice that R Gap = R Pr − R E x increases as N increases which renders the proposed approach appealing for large receiver antenna array systems. The complexity of the proposed approach is almost the same as that of the OFDM transmission approach and it is simple to implement. As will be clear in Section IV, the proposed design allows the estimated symbols to be decoded independently 2 As can be seen in (1), the accurate rate expression of the ith sub-carrier
, and the true average value of R i is given as R av i = E{R i } where h oi is the channel between the transmitter and receiver of sub-carrier i. Since the exact analytical expression of R av i is difficult to derive for most practically relevant statistical models of h oi (for example, i.i.d case), we use the Jensen's inequality to get the upper-bound expression for R av i by replacing |h oi | 2 with its average value [25] . 3 This can be translated to a maximum of 2 times system capacity compared to the Nyquist transmission. 4 From simulation, we notice that R Pr and R E x are almost equal to their true average values for practically relevant N and P. without inter-symbol-interference (ISI). For this reason, one can consider the proposed transmission as orthogonal faster than Nyquist (OFTN). The rate expressions R Pr and R E x have been derived for correlated multipath channels as well. The proposed approach also does not suffer from the peak to average power ratio (PAPR) which provides additional advantage compared to OFDM. On the other hand, one can straightforwardly extend the proposed transmission approach to multiuser (massive) MIMO systems.
We would like to emphasize here that the proposed approach relies solely on the number and characteristics of multipath components, and number of antennas at the receiver side. Moreover, the proposed OFTN transmission exploiting the multiplexing gain which is incorporated in multipath channels has never been revealed in the existing works (to the best of our knowledge). This motivates us to use the term multipath multiplexed transmission. Indeed, different possible bandwidths are utilized in the current long term evolution (LTE) network (see [27] , [28] for more details). For instance, if we consider a B = 2.5 MHz bandwidth, the number of multipath components is around 18 which is significant [29] . Increasing B would increase the number of multipath components in a given transmission environment.
This paper is organized as follows. Sections II and III discuss the considered signal and channel models, and a brief summary of the OFDM and problem formulation of the proposed design, respectively. The detailed descriptions of the proposed OFTN transmission and detection approach, and its performance analysis are presented in Sections IV and V, respectively. Some of the practical issues of the OFTN scheme including its similarities with that of FTN is explained in Section VI. Simulation results are provided in Section VII. Finally, some open research problems and conclusions are given in Sections VIII and IX, respectively.
Notations:
In this paper, upper (lower-case) boldface letters denote matrices (column) vectors. X (i, j ) , X T , X H and E(X) denote the (i, j )th element, transpose, conjugate transpose and expected value of X, respectively. The convmtx(.), 1 N , I and C N×M ( N×M ) denote convolution matrix, an N sized vector of ones, identity matrix and N × M complex (real) entries, respectively. For readability, we have summarized the most frequently used variables in Table I. II. SIGNAL AND CHANNEL MODEL We consider a single user system where the transmitter has one antenna whereas, the receiver has N 1 antennas. The transmitted signal has a transmission bandwidth B which is sufficiently large making the channel to be frequency selective (i.e., wideband signal). The channel impulse response between the transmitter and the nth receive antenna is denoted by h n (t) which is assumed to be linear time invariant. In the following, we provide the discrete time baseband equivalence of h n (t). For convenience, we first consider a SISO channel (i.e., dropping the subscript n) and the result is then extended to a SIMO channel.
If we transmit an arbitrary baseband waveform x(t) having bandwidth B and carrier frequency f c , the received signal in baseband form can be expressed as [17] , [30] 
where P is the total number of multipath components, and α i , φ i and τ i are the attenuation (due to pathloss and shadowing which vary quite slowly), phase and propagation delay of the channel from the transmitter to the receiver in path i , respectively. In general, the channel impulse response (5) is a random process due to the random amplitude, phase and delay components. Thus, h(t) can be characterized only statistically or from experimental results. The multipath delay spread T d is defined as the difference in the propagation delay between the longest and shortest paths having a significant energy, i.e., T d = max i, j |τ i − τ j |. Thus, the discrete time invariant version of h(t) can be expressed as (see [31, Sec. II 
whereh ∈ C P×1 is a vector containing independent channel coefficients, R ∈ C P×P is a temporal correlation matrix and h 0 , h 1 , · · · , h P−1 are equally spaced channel coefficients with temporal spacingT s T d P . When the receiver has N antennas, one can model the channel coefficient between the transmitter and each receiver with (6) . In this paper, we focus on the frequency selective channel where
III. EXISTING OFDM TRANSMISSION AND PROBLEM STATEMENT
This section summarizes the OFDM transmission and describes the considered problem.
A. Summary of OFDM Transmission
When the channel is frequency selective, OFDM is known to be an efficient transmission strategy to maximize the achievable rate [17] . In fact, OFDM can be used to harness the effect of ISI that the transmitted signal experiences when B W c . For brevity, this section briefly summarizes the main idea of OFDM transmission and reception where its baseband transmitted signal x(t) can be expressed as
where s [k] , ∀k are the transmitted symbols with period T s = and g(t) is the pulse shaping filter. In most wireless systems, g(t) is designed as a rectangular, raised cosine or sinc function. In this section, we also start with a SISO system (i.e., without the subscript n) and then extend the analysis for the SIMO system. For the SISO system, the received signal y(t), and the recovered signal at the mth symbol period y[m] = y(mT s ) can be expressed as (see [17, eq. (2.35) 
where w[m] is the noise sample and
As can be seen from (9) 
= P (i.e., the number of multipath taps) [32] . Now if the OFDM signal has a block length T b = N s T s , the received samples y [1] , y [2] , y [3] , · · · , y[N s ] can be stacked in vector form y as y =Hs + w (11) where
andH is a Toeplitz matrix formed by using the channel coefficients (12) , as shown at the bottom of this page, [17] and [18] . SinceH is a full-rank matrix, the receiver can reliably estimate s by utilizing appropriate equalization techniques (for example with a zero forcing (ZF) approach which is a simple channel inversion technique). However, such an approach creates undesirable effects such as noise enhancement.
The existing OFDM transmission and reception approach aims to circumvent this drawback, and if we append the last L symbols of s in the beginning of the transmission (i.e., the transmitted signal becomes
receiver discards the first L received samples (i.e., cyclic prefix removal), the input-output relation can be expressed as
whereH c becomes a circulant matrix which has a number of important characteristics. Specifically,H c can be equivalently expressed asH c = F H GF, where F is a discrete Fourier transform (DFT) matrix of size N s and G is a diagonal matrix whose elements are computed fromh l , ∀l. Due to this reason, one can precode s ass = F H s before transmission (i.e., inverse fast Fourier transform (IFFT) operation) and then perform post processing the received signal with F which consequently yields [17] , [18] (14), Gs is a parallel channel where each element of s does not experience any ISI signal. Since F is a Fourier matrix, one can interprets as the time domain version of the frequency domain signal s. For this reason, the precoding and post processing operations of the OFDM transmission are usually stated as a signal transformation from frequency domain to time domain and vice verse, respectively. Now when the receiver has N antennas (SIMO system), each antenna will transform its received signal into a parallel channel as in (14) to coherently combineŝ[m] by using the maximum ratio combining (MRC) approach. By doing so, one can express the estimate of
As we can see from the above expression, the existing OFDM transmission scheme is able to transmit N s symbols in 
B. Problem Statement
To better present the objective of the work, we consider the time-domain input-output expression given in (11) . When
e., the elements of the channel vector defined in (6) corresponding to the nth receive antenna) are independent random variables, the received samples obtained at time LT s in all antennas can be expressed as
] being the channel vector defined in (10) corresponding to the nth receive antenna. Similarly, the received samples at 2LT s can be expressed as
The expressions (16) and (17) have the same mathematical structure as that of the MIMO channel. Furthermore, one can decode s (1:L) and s (L+1:2L) from (16) and (17) efficiently using different existing MIMO detection schemes such as ZF, MRC etc. This demonstrates that the received samples y i , i = k L are utilized just to improve the SNR of the transmitted symbols
In fact, the relation between upper-bound rate, SNR, T b and B is
where γ 0 is the equivalent SNR of the transmitted symbols s i , ∀i when they are decoded by employing y i , i = nL only. Furthermore, for fixed T b and B, as each sub-carrier transmits only one symbol, the total transmitted symbols in an OFDM frame is N s (i.e., number of transmitted symbols is the same as that of sub-carriers). Thus, a linear increase in N s (number of transmitted symbols) increases the rate "linearly" whereas, a linear increase in SNR increases the rate "only logarithmically". Therefore, for a given T b and B, increasing N s is more advantageous than increasing Lγ 0 . The above discussions show that the existing transmission and decoding approach employs y i , i = k L just to improve SNR which is not the best strategy from the achievable rate point of view (i.e., the benefits of the time slots y i , i = k L are not exploited efficiently). This motivates us to set the following objective: For the given symbol constellation, B and T b , is it possible to transmit more than N s symbols and reliably decode all of the symbols in a symbol-by-symbol basis as in the OFDM approach while achieving a better achievable rate than that of the existing OFDM transmission approach? In other words, can we take advantage of the inefficiently used symbol time slots i = k L, ∀k to transmit more data symbols while ensuring that the rate is higher than that of the existing OFDM approach. If yes, how can the transmission strategy be designed and to what extent can the rate be increased?
IV. PROPOSED OFTN TRANSMISSION APPROACH
This section describes the proposed OFTN transmission and data detection approach for SIMO wireless systems to address the above objective.
A. Transmission Scheme
One can observe from the discussions in the above section that the OFDM transmission scheme transmits only one symbol in T s seconds. However, as our objective is to transmit more than one data symbol in T s seconds, we may need to find a way to incorporate additional data symbols per T s . In this regard, we split the overall bandwidth B into L equivalent sub-bands where each of them has bandwidth of B L B L (i.e., traditional frequency division multiple access where the symbol period of each of the sub-bands is the same as the delay spread of the channel). 5 With the bandwidth B L , in fact, the existing OFDM transmission approach is able to transmit N L N s L data symbols in T b seconds. Our objective will now be to transmit more than N L data symbols in the same bandwidth which is detailed as follows.
For better exposition, we assume that the transmitted sym- and have a support duration ofQ measured in terms ofT s . 6 As in the above section, we start with the SISO system, and the result is then extended to SIMO.
With the above settings, the transmitted data signal at time t = lT s becomes
We would like to emphasize here that the bandwidth of the transmitted signal x(lT s ) is determined by the bandwidth of the filterg(t) which is still B L . For better understanding of the proposed transmission, we assume thatg(t) is a rectangular pulse shaping filter of width T d . Withg(t) = rect(t) (i.e., P =Q) and after appropriate time shifting, x(lT s ) can be re-expressed as
From this expression, one can understand that the only difference between the existing OFDM transmission scheme and the proposed scheme is that the existing approach sets d k = 0, k = l (i.e., zero padding approach) or
In the following, we show that it is possible to introduce independent d k and decode (estimate) them reliably, where the number of introduced independent symbols will depend on N and the number of independent samples of h which will be clear in the sequel. The received signal is given by the convolution of the transmitted signal and the channel as
wherew l is the additive noise. Once the received signal is passed through the receiver matched filter (i.e., a rect function) and after doing some mathematical manipulations, we will have
where w l = l k=l−Q+1w k which is assumed to be a ZMCSCG random variable with variance σ 2 
] T , the last equality follows from (6) and A = A 0 A 1 with A 0 ∈ P×2 P−1 (A 1 ∈ 2 P−1×3 P−2 ) is a convolution matrix obtained by utilizing a P row vector of ones (i.e., A 0 = convmtx(1 T P , 2P − 1) and A 1 = convmtx(1 T P , 3P − 2)). As we can see from (22) , y l is a linear combination of 3P − 2 symbols (i.e., d l−3Q+3 to d l ) which has the same dimension as the convolution of the transmit and receive filters, and the channel vector.
B. Number of Reliably Decoded Symbols
When the receiver has N antennas, one can stack y l of all antenna elements to get
where Q ∈ C N×N is the spatial channel correlation matrix of all receive antennas, 
withh n ash of (6) corresponding to the nth antenna. One can model different propagation characteristics of a wireless environment by setting different values of Q and R. For instance, a communication environment having few scatterers can be represented by setting a very low rank R. Furthermore, when the antenna spacing is not large enough to have independent channel coefficients, the spatial correlation matrix Q will be different from a diagonal matrix. For these reasons, we believe that (23) can be utilized for different wireless environments just by tuning Q and R.
Since (23) can be considered as a typical MIMO system, the decodability of d l with a linear decoder (estimator) and symbol-by-symbol basis entirely depends on the rank ofHA. And since rank(HA) ≤ P, the number of independent symbols of d l cannot be more than P. When the maximum number of independent transmitter symbols (S) is less than P, one can set the first S coefficients of d l to be the desired symbols while leaving the others 0. By doing so, A becomes an upper triangular matrix where in such a case rank(HA) = rank(H) = min(rank(Q), rank(R)). Therefore, we can express the maximum number of independent transmitted symbols as
From this expression, we can understand that the maximum number of transmitted symbols depends on the ranks of the channel covariance matrices Q and R. Furthermore, when these two matrices have full ranks (i.e., favorable propagation conditions), we can reliably estimate P independent data symbols of d l . The advantage of the proposed transmission approach compared to that of the existing one (i.e., OFDM) is that it allows the transmission of S ≤ P symbols in (3P − 2)T s interval whereas, the existing approach transmits only 3 symbols in the same duration. Thus, in a favorable propagation environment, the proposed transmission scheme is attractive especially when P and N are large. while setting P = 8. One can notice from this figure that the eye diagram of the estimated data resembles that of the true one (i.e., with values ±1) when N = P. However, when N < P, the shape of the eye diagram is not improved even if the SNR goes to infinity. This is due to the fact that in such a case the received signal does not have sufficient degrees of freedom (DoF) to reliably detect the transmitted symbols. This implies that the maximum number of transmitted symbols in T d seconds will be min(N, P). To verify this, we have also plotted the uncoded bit error rate (BER) of the proposed transmission approach for different values of N as shown in Fig. 2 . From this figure, one can also observe that when N < P, there is a BER floor and increasing SNR does not help avoid this undesirable effect. 7 However, the BER decreases consistently with SNR when N ≥ P.
V. DATA DETECTION AND PERFORMANCE ANALYSIS
As can be noticed from the discussions of the previous section, we are able to transmit S symbols in (3P − 2)T s . This section discusses some of the possible data detection techniques to recover d l from y l . In this regard, we discuss three possible approaches, namely MRC, ZF and zero-forcing successive interference cancellation (ZF-SIC) as follows.
From the existing OFDM transmission, one of the most widely used simple receiver designs is the MRC. For the proposed OFTN transmission, one can design the MRC beamformer as
7 Note that the eye diagram of Fig. 1 (right side) is not exactly the same as that of the true one. This is because some of the channel realizations ofH are not well conditioned which creates some non-zero residual interference on the estimate of d li . However, such residual interference will not fundamentally affect the achievable BER (see Fig. 2 ). And for the ZF beamformer, we can design B as
As can be seen from these two expressions, both the MRC and ZF beamformings have matrix inversion operations. However, for the MRC approach A −1 , R † and Q † can be computed offline as they are constant design coefficients. For this reason, the MRC beamforming does not need to perform inverse operation when the channel is updated. However, the ZF beamformer indeed requires such an operation whenever the channel is varied (i.e., once per channel coherence time). For this reason, MRC beamforming is computationally less expensive than the ZF counterpart. With these matrices, we can recover
The main drawback of the MRC and ZF beamforming approaches is both of them require matrix inverse operation on A which is an upper triangular matrix. For example, when S = P = 4, we will get (28)
Consequently,d l experiences quite different desired signal power which consequently leads to unbalanced SINR and lower total achievable rate. To alleviate this drawback, we propose a combined ZF and SIC (i.e., ZF-SIC) based data detection approach which employs two steps: In the first step, we computed ., d l(S−1) ). This is because the (S − 1)th element ofd l contains only one interference term which is known (i.e., d lS ). Finally, we repeat these two steps until all symbols are decoded.
The remaining question is to assess whether the proposed transmission strategy will always achieve better performance than that of the OFDM or not? Addressing this question for a general Q and R appears to be intractable. In the following, we analyze the average performances of the proposed and OFDM transmission schemes for some practically relevant parameter settings.
Theorem 1: When Q = I and R = I, the proposed ZF-SIC based approach (assuming no error propagation) and existing OFDM approach can have the following upper-bound average rates
where R Pr (R E x ) is the rate achieved by the proposed (exist-
The coefficientα is introduced as the contribution of any L transmitted symbols over the bandwidth B L will span up to (3L − 2)T s durations due to the channel delay, transmit filter and receive filter, and L is introduced to ensure that the proposed OFTN approach will utilize a total bandwidth B = L B L . And α is the power normalization factor which is introduced to maintain that both the OFDM and OFTN approaches use the same average transmit power. Furthermore, if 
Proof: See Appendix A. The proposed design attempts to model the discrete time equivalent impulse response of the channel using (6) . In fact, the number of multipath channel coefficients definitely increases with bandwidth. For instance, in the ultra wideband communication, one can have L in the order of 200 − 500, where the channel coefficients often tend to be sparse [17] . The considered model captures the channel characteristics of such an environment by selecting Q and R appropriately. This justifies the need to examine the performance of the proposed design for arbitrary correlation matrices. This analysis is not trivial mainly because the SNR expression incorporates an inverse matrix containing random variables which is difficult to handle. However, when N is large, by utilizing the law of large numbers, most of the random components become deterministic which enables us to study the system performance for large N in the following lemma.
Lemma 1: When N L (i.e., for a large antenna array), the existing and proposed approaches achieve the following upper-bound average rates 
R Pr Z F−S I
where R E x , R Pr Z F and R Pr Z F−S I C are the rates achieved by the existing, proposed ZF and proposed ZF-SIC approaches, respectively,α = 3L−2 L S , C = (R H R) −1 and E = (A H R H RA) −1 . As expected, when Q = I, R = I and N L, the rate expressions of (32) is almost the same as that of (30) since N ≈ N − L.
Proof: See Appendix B. From the results of Theorem 1 and Lemma 1, the following points can be highlighted: 1) In (30), as γ E x ≈ Lγ Pr for L ≥ 3 and medium to large N, one can interpret this equation that the existing OFDM approach attempts to ensure that each transmitted symbol has a maximum SNR (i.e., diversity gain achieving strategy). However, the proposed approach increases the number of transmitted symbols while reducing the SNR achieved by each symbol (i.e., multiplexing gain achieving strategy). Nevertheless, with the proposed approach, it is always possible to decrease S while increasing the SNR, for instance by reducing S to half, the SNR can be doubled. To show this fact, we have plotted the achievable γ Eqt = αγ Pr for different values of S and N in Fig. 3 . As can be seen from this figure, the SNR of each symbol can be increased just by decreasing S. This demonstrates that there exists a multipath diversity-multiplexing tradeoff for SIMO systems. Having said this, however, exploiting this tradeoff for general coding schemes (for example with Alamouti space time block coding (STBC) [33] ) is an interesting open problem which is left for future research. We would like to emphasize here that the existence of a diversity-multiplexing tradeoff has been known in the existing transmission scheme when both the transmitter and receiver are equipped with multiple antennas (i.e., MIMO) [16] . However, to the best of our knowledge, we are not aware of any existing work demonstrating the diversity-multiplexing tradeoff which is exhibited by exploiting multipath components for a SIMO system. 2) From (31), one can notice that the proposed approach achieves better performance at large N. Furthermore, for fixed L and σ 2 , increasing N increases the gap between the proposed and existing designs. This shows that the proposed design is practically useful especially for massive MIMO systems. Nevertheless, the proposed approach can still be customized for small N by optimizing S. However, optimizing S for a given N (possibly small) is still an open research topic. 3) As the proposed algorithm does not require IFFT operation at the transmitter, it does not suffer from high PAPR which merits the benefit of proposed design compared to OFDM. Furthermore, the main computational load of the proposed algorithm is the matrix inversion operation of (26) which is comparable with the complexity of the OFDM transmission. 4) Unlike the existing FTN transmission schemes, the proposed scheme does not need the pre-whitening filter as the noise samples obtained from (23) are i.i.d [4] , [34] . The disadvantage of the pre-whitening operation is that it often amplifies adjacent channel interference signals which consequently worsens the achievable BER of the FTN transmission. Furthermore, the pre-whitening phase enables each data symbol to experience ISI symbols which consequently requires complicated decoding operation especially when the number of ISI symbols is large which is not desirable in practice [4] . 5) One can also observe from (23) that the desired information is obtained every 3P − 2 sampling periods. This behavior will also allow to use low cost analog to digital converter (ADC) which is one of the most expensive parts of a receiver unit especially in massive MIMO regime [35] [36] [37] . Although the proposed ZF-SIC based data detection approach maintains the desired symbols of d l to have balanced signal power, the latter approach may suffer from error propagation. In other words, if d lS is decoded incorrectly, it will affect the SNR of the subsequently decoded symbols. One way of addressing this issue is by performing appropriate precoding operation at the transmitter. In fact A of (29) is known a priori to the transmitter and it is an upper triangular matrix which is invertible. Due to this reason, it is possible to employ ZF precoding (ZF-P) while ensuring Ad l becomes a diagonal matrix. Since such an approach ensures ISI free received signal, the receiver can decode the transmitted symbols in symbol-by-symbol basis. Thus, the performance of the ZF-SIC (without error propagation) can be achieved by employing a ZF-P operation at the transmitter which helps reduce the complexity of receiver.
Tightness of Upper-Bound Rates and Effect of Power Adaptation:
Up to now we consider the upper-bound rate expressions obtained by existing OFDM and proposed OFTN approaches by assuming equal power allocation policy. In fact, for the given L, one can apply the law of large numbers to show that |h oi | 2 andH H IH I are almost constant when N L (i.e., massive MIMO setup) [38] . In such a case, equal power allocation yields close to optimal rate (i.e., power adaptation results in negligible average rate gain). For a small to medium N, however, appropriate power adaptation may help improve the average rates of both the OFDM and OFTN approaches since the effect of fading is not negligible. A brief summary studying the tightness of the upper-bound rate and effect of power adaptation on the performance of OFDM and OFTN approaches is provided in [31] (see [31, Sec. 
VI] ).
Complexity: The main complexity of the OFDM approach arises due to the fast Fourier transform (FFT) operation which has complexity N s log(N s ). On the other hand, for the proposed OFTN, the main computational load arises from (H HH ) −1 in (29) which has a complexity O(L 2.373 ) [39] . In practice, since N s is selected to be much greater than L, the complexities of OFDM and OFTN are comparable.
Note that for a fixed bandwidth, one may think of increasing the number of sub-carriers by decreasing the sub-carrier spacing f . In an OFDM system, the symbols which are sent on carrier frequencies with frequency spacing f may need to have a constant time-frequency bandwidth t f to achieve interference free sub-channels where t is the OFDM duration. 8 When we employ the Nyquist transmission, the time-bandwidth product is roughly one [40] . Now if we would like to decrease f , the OFDM transmission duration t may need to be increased to maintain t f ≈ 1. Thus, for the fixed OFDM duration t, it is practically not possible to decrease the sub-carrier spacing beyond some value.
VI. OFTN VS. FTN, AND EFFECT OF PULSE SHAPING FILTER

A. OFTN Vs. FTN for SISO Systems
The current paper considers a FTN transmission scheme for wideband channels with multipath components. This will raise a question what is the main difference between the proposed and existing FTN approaches just for the SISO additive white Gaussian noise (AWGN) channel which is the focus of many existing works [4] . In fact, at the transmitter side, one can use the approach of Section V to realize FTN transmission (for example with precoding). Furthermore, by stacking the first Q = L received samples taken everyT s , and after filtering and doing some manipulations, we can express the filtered signal as (33) wherew l noise vectors where each of its entry is i.i.d ZMCSCG random variable each with variance σ 2 and A 0 is as defined in (22). As we can see, (33) contains correlated noise vectors which will share the same drawbacks as that of the existing FTN transmission schemes. This shows that in the case of AWGN or flat fading channels, the proposed design does not have any advantages compared to the existing FTN transmission. This also confirms that the gain achieved by the proposed transmission does not come just because of rectangular pulse shaping filter. 9 We would like to emphasize that the current paper focuses on a typical OFTN transmission and the corresponding data estimation technique for a wideband SIMO system. The technique used in this paper, however, may not be necessarily optimal. Nevertheless, as demonstrated in the simulation section, the proposed technique achieves significantly higher rate than that of the existing OFDM technique.
B. Effect of Pulse Shaping Filter
As can be seen from the discussions in section IV, the proposed approach employs a rectangular pulse shaping filter g(.). When g(t) is different from rect(x), (20) will be slightly modified which consequently yields different y l . In such a case, however, it is difficult to express y l in closed form. Nevertheless, as the channel coefficients h 1 , h 2 , · · · h P are not related to g(t), we believe that employing different g(t) would change the gain achieved by the proposed transmission scheme only slightly. Furthermore, one can still employ rect g(t) just by utilizing appropriate guard band like in the OFDM technique.
VII. SIMULATION RESULTS
This section provides simulation results, we set
and the carrier frequency is set to 2 GHz. For such settings, we compare the rates obtained by the proposed and existing OFDM transmission approaches. For the OFDM approach, the number of subcarriers (i.e., FFT size) is set to 128 as in LTE system which is used in 1.4 MHz channel bandwidth transmission [27] , [28] . All results are obtained by averaging 10 000 channel realizations, the SNR is defined as γ = E{|d i | 2 } σ 2 , and N = 2 N 0 where N 0 is an integer which is chosen to attain the desired N.
A. Comparison of Existing OFDM and Proposed Approaches
This subsection compares the upper-bound rates achieved by the existing OFDM and proposed approaches. Towards this end, we assume that Q = I and R = I. Fig. 4 shows the rates achieved by the proposed and existing designs for different values of N when γ = 5.3 dB. As we can see from this figure, the proposed design with ZF-SIC detection approach achieves better performance than that of the existing OFDM approach approximately when N ≥ 12, and the rate gap between the proposed and existing approach increases as N increases. 10 Furthermore, the ZF-SIC data detection approach yields better performance than that of the ZF data detection which is expected. 9 One can also enable the benefits of the other sampling time received signals of the SIMO channel. However, such an approach will create correlated noise and increase the requirement of ADC speed which will introduce additional complexity to the receiver. Nevertheless, this approach will definitely help to improve performance, and analyzing such an approach is beyond the scope of the current paper and it is left for future research. 10 Recall that the performance of ZF-SIC is the same as that of ZF-P. In the next simulation, we examine the effect of γ on the performances of the proposed and existing OFDM transmissions as shown in Fig. 5 . One can observe from this figure that the proposed ZF-SIC approach achieves better performance than that of the existing approach when N ≥ 8 at γ = 15.3 dB. Furthermore, the required N such that the proposed approaches (ZF and ZF-SIC) achieve better performance than that of the existing approach increases as the SNR decreases. This demonstrates that the proposed approach can still be applied for existing LTE systems where each BS is possibly equipped with few antennas in the high SNR regime.
B. Validation of Theoretical Results
This subsection validates the theoretical results derived in Section V. In this aspect, we demonstrate the theoretical upperbound rate derived in Theorem 1 for different N 0 while setting the SNR as γ = {5.3, 15.3} dB in Fig. 6 . As can be seen from this figure, the results given in Theorem 1 fit well with the simulation results for all antenna array sizes. In Theorem 1, it is stated that the proposed design will achieve better data rate than OFDM transmission when the number of antennas is selected as in (31) which is demonstrated in Fig. 7 . For the settings of this figure, one can obtain N of (31) as N = [16, 8, 8] for γ = [−4.6, 5.3, 15.3] dB. As can be seen from this figure, the required number of antennas to achieve better performance decreases as SNR increases which demonstrates the benefit of the proposed design even for small antenna array sizes (i.e., N = P = 8) at the high SNR regime. Furthermore, the approximated expression of (31) can be regarded as a good estimation for practical system design.
C. Effect of Beamforming Scheme
One can notice from the above results that the ZF-SIC beamformer achieves better performance than that of ZF. However, when N and L are large, one may think of employing a simple MRC beamforming approach to reduce complexity. Thus, it is desirable to compare the performance of ZF and MRC beamforming approaches. In this regard, we have used R = I, Q = I and γ = {5.3, 15.3} dB. One can observe from Fig. 8 that ZF beamformer achieves significantly better performance than that of the MRC. Furthermore, increasing which will ultimately create non-vanishing ISI terms which are dominant at the very high SNR regime. Consequently, increasing the SNR does not provide meaningful rate improvement.
D. Desired Rate Regions
One can observe from Fig. 4 -Fig. 7 that the proposed OFTN approach achieves better performance in the region where the average rate is higher than a certain threshold. This raises a concern whether the performance improvement is in a practically relevant rate region or not. In general, it is not trivial to provide exact answer for this concern for a general setup. Here, we try to provide some insight for the setup Q = I, R = I and L = P =Q = S. For this setup, one can compare the rates of OFDM and OFTN approaches for fixed N or SNR. In fact, the rate gap between OFTN and OFDM approaches increases with N for fixed SNR. Furthermore, as the proposed OFTN transmission packs L symbols in LT s seconds (i.e., one symbol period with Nyquist transmission), 11 the actual constellation of these L symbols is dictated by the quantity One can observe from this figure that the proposed approach achieves better performance for the region R ≥ R th and most importantly R th decreases with L. For instance, when L = 12, R th ≈ 1 (i.e., BPSK transmission) and when L = 4, R th ≈ 3 (i.e., 8 PSK transmission). 12 This phenomena renders the proposed OFTN approach advantageous compared to OFDM as L is related to the transmission bandwidth. And for fixed SNR and N, it is always possible to choose L optimally while ensuring that the OFTN approach reaps the maximum benefit 11 Note that the ratio L 3L−2 , which can be considered as the rate inefficiency, is introduced because of padding 2L − 2 zero samples every 3L − 2 sampling periods. 12 Note that the region with a normalized rate less than one is not desirable as it does not represent a realistic signal constellation. compared to OFDM. One simple, albeit suboptimal, strategy would be to choose L as the maximum value that ensures the OFTN approach to have a normalized rate at least 1 (i.e., BPSK constellation) which can be computed by gradually decreasing L starting from L = N. 13 From this discussion, one can understand that the proposed OFTN approach is flexible and can be applied for high and low data rate applications.
E. Tightness of the Upper-bound Rates and Effect of Power Adaptation
In this simulation, we examine the tightness of the rate expressions R E x and R Pr , and the effect of power adaptation on the performances of OFDM and proposed OFTN approaches. As stated previously, power adaptation may help improve the average rates of both the OFDM and OFTN approaches for a small to medium N since the effect of fading is not negligible. For this reason, we employ L = 8, R = I, Q = I, γ = 5.3 dB and small to medium N, and compare {R E x av , R Pr av } (i.e., optimal power adaptation), and {R E x , R Pr } (i.e., equal power allocation) as shown in Fig. 10 . One can observe from this figure that the rate gap between the proposed approach and that of OFDM increases as N increases for fixed L. Furthermore, this gap is almost similar with and without power adaptation. In addition, the upper-bound rate expressions presented in Theorem 1 is tight and power adaptation provides almost no gain both for OFDM and proposed OFTN approaches since R E x av ≈ R E x and R Pr av ≈ R Pr .
F. Effect of Channel Correlations
This simulation studies the effect of temporal and spatial channel correlations on the performances of the proposed design. We employ the well known exponential spatial channel correlation model as Q i, j = ρ |i− j | , where 0 ≤ ρ < 1. This model is physically reasonable in a way that the correlation between two transmit antennas decreases as the distance between them increases [41] . Furthermore, this model is a widely used antenna correlation model for urban area communications where traffic is usually congested [42] . Fig. 11 shows the performances of the proposed designs for ρ = {0.1, 0.5, 0.95} with γ = 5.3 dB and R = I. One can observe from this figure that the performance of the proposed design degrades when ρ increases for all N. However, for fixed ρ, increasing N not only helps increase the upper-bound rate but it also help decrease the rate gap between the correlated channel and the i.i.d (i.e., ρ = 0). The main reason for this observation is that for fixed ρ, increasing N will increase the number of eigenvalues of Q. And for this simulation since S = P, the minimum normalized power gain is the same as the Pth maximum normalized eigenvalues of Q which increases with N. To show this, we plot the normalized eigenvalues of Q for ρ = 0.5 and different values of N in Fig. 12 . As can be seen from this figure performance of the proposed design does not depend on Q when N L and rank(Q) ≈ P. Several approaches are proposed to model the temporal channel correlation matrix R. One most commonly employed model is the COST 207 for urban environment where R is a diagonal matrix with its elements decay exponentially [43] , [44] . Under this model, R i,i can be chosen as (see (5), (7) and (19) of [43] )
where κ is a normalization factor which depends on the carrier frequency f c and is chosen to ensure R 0,0 = 1 and B is the transmission bandwidth. With this model, the diagonal elements of R becomes [1, 0.3679, 0.1353, 0.0498, 0.0183, 0.0067, 0.0025, 0.0009]. As we can see, the diagonal elements of R decrease with i . This will ultimately decrease the effective rank of R. For this reason, one can expect reduced data rate when R is designed as in (34) compared to that of R = I. The simulation results demonstrating this fact has been omitted for conciseness. From the result of this section, we can understand that the performance of the proposed OFTN transmission approach varies from one scenario to another. Furthermore, one can improve the performance of the proposed design by selecting S adaptively based on the structures of R and Q. Nevertheless, how to design optimal S for different scenario is left for future research
VIII. OPEN RESEARCH ISSUES
The paper focuses on the OFTN transmission for SIMO system by assuming typical multipath channel models. In this section, we first discuss some of the open research issues for the SIMO system. Then, we discuss how one can utilize the proposed OFTN transmission for other single user and multiuser systems, and the associated research problems.
A. Single User SIMO Systems
The covariance matrices Q and R of (23) generally depend on different factors including the deployment environment, carrier frequency and number of scatterers [45] . Furthermore, there are different multipath channel covariance matrix models for practically relevant wireless environments like Extended Pedestrian A (EPA), Extended Vehicular A (EVA), or Extended Typical Urban (ETU). In the current paper, however, we have provided numerical results for the most commonly adopted channel covariance matrices in the literature such as R = I, to simplify the analysis and to get an insight about the performance of the proposed approach. Furthermore, the current paper assumes that the channel state information (CSI) is known to the receiver perfectly. In practice, however, the CSI may need to be estimated, and often known imperfectly. Thus, the performance comparison of the proposed approach and OFDM with perfect and imperfect channel model parameters in the above environments is still an open problem.
The current paper assumes that the receive antennas are collocated (i.e., single cell setup). However, it may be the case that the antennas may be placed at different locations like in the distributed (network) MIMO system [46] . In general, the proposed approach can still be applied for the latter system. And in such a system, the elements of R and Q will be different from that of the collocated case. Nevertheless, comparing the proposed approach and OFDM for network MIMO system case is an interesting research.
B. Single User MISO and MIMO Systems
In this subsection, we discuss the potential extensions and open research issues of the proposed data transmission and detection approach for MISO and MIMO channels. In fact, if the transmitter is equipped with multiple antennas, multiplexing gain can be achieved. In this regard, one may think of two possibilities: the first possibility is to simply transmit independent information from each antenna. The second possibility is to utilize appropriate precoding operation. The former possibility can be realized like in the aforementioned sections which consequently help scale the data rate with the number of transmitter antennas M in a favorable propagation condition. 14 However, the receiver requires at least N = M S antennas to reliably estimate the transmitted signal with linear receivers. Although, the latter possibility is well understood from existing communication systems, the beamforming design with the proposed OFTN transmission is still not understood and it is left for future work.
The remaining issue is whether the proposed approach can be extended for the MISO channel? As stated previously, when the transmitter has multiple antennas, each antenna can transmit independent information. However, for each transmit antenna, S receive antennas are required. This leads to a fundamental question on how to realize the proposed OFTN transmission and detection (estimation) approach for MISO systems. From the existing OFDM transmission approach, it is well known that the rates achieved by interchanging the roles of the transmitter and receiver are the same (i.e., there is a so called uplink-downlink rate duality (see for example [47] [48] [49] )). However, showing the rate duality of MISO and SIMO channels under the proposed OFTN transmission and data detection is still not understood well and it is left for future research.
C. Multiuser Systems
The proposed data transmission and detection approach is designed for a single user multi-antenna system with multipath components. In fact, multipath components exist almost in all wireless wideband channels which justifies that the proposed transmission approach can potentially be applied for different system setups. For example, it is applicable to a wideband multiuser (massive) MIMO system where the BS is equipped with several antennas whereas, each UE is equipped with single antennas. For such a system, each UE can apply the proposed transmission approach. Consequently, the rate achieved by each UE increases with P. Nevertheless, examining the performance of the proposed design for different system setups is one of the interesting research directions. The performance can be studied by taking into account the effects of pulse shaping filter g(t) and error propagation in ZF-SIC receivers.
IX. CONCLUSIONS
In this paper, we propose a novel and simple OFTN transmission and detection approach for a wideband SIMO system with L multipath components. The proposed OFTN transmission exploits the multiplexing gain obtained by the inherent characteristics of multipath components of wideband channels. By doing so, the proposed design achieves significantly higher transmission rate than the conventional Nyquist transmission approach (i.e., OFDM). The superiority of the proposed approach has been shown theoretically and demonstrated through extensive computer simulations. It is also shown that the capacity gap between the proposed approach and that of the OFDM increases as the number of receiver antennas increases for fixed L which implies that the new approach may have practical significance for large antenna array receiver systems. The proposed method can be extended to (massive) MIMO systems. Having said this, however, extending the proposed approach for a MISO system while achieving the same capacity as that of the SIMO system is a non trivial fundamental challenge.
APPENDIX A PROOF OF THEOREM 1
For the existing OFDM transmission, by utilizing (6) and (9) , the channel gain of the sth sub-carrier of each receive antenna, g s of (14) can be expressed as
where f s is an L sized truncated DFT matrix with overall size N s [18] , [29] . Using (23) and after some manipulations, (36) where the second equality uses tr{Q} = N for any Q. When R = I, we will get γ E x of (30). For the proposed approach, when the ZF beamforming with SIC is used, we will have
To compute the expected value of an inverse function, we consider the following lemma. 
where the second distribution is due to the fact that is a χ 2 distribution with 1 degree of freedom. By setting Z =H I of (37), we will get γ i = N−L+1 σ 2 . As discussed in Section IV, the proposed design transmits L symbols in 3L − 2 sampling periods. On the other hand, the design splits the overall bandwidth B into L sub-bands. For these reasons, we may need to incorporate α = ( 
((3L−2) log 2 (L)−L 2 log 2 (α))] (42) where the last inequality follows from the fact that N ≥ L.
APPENDIX B PROOF OF LEMMA 1
For the existing OFDM, one can utilize the result of Appendix A. For the proposed approach, when N → ∞, we obtain (Q 1/2H I ) H (Q 1/2H I ) ≈ tr(Q)I = NI almost surely [19] . It follows
((HA)
H (HA))
where C = R −1 and E = (A H RA) −1 which are deterministic matrices. Thus, for the ZF detection, we will achieve
And for the ZF-SIC detection approach, we will have
